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Summary
Background: For a fruit fly, locating fermenting fruit where it
can feed, find mates, and lay eggs is an essential and difficult
task requiring the integration of olfactory and visual cues.
Here, we develop an approach to correlate flies’ free-flight
behavior with their olfactory experience under different wind
and visual conditions, yielding new insight into plume tracking
based on over 70 hr of data.
Results: To localize an odor source, flies exhibit three iterative,
independent, reflex-driven behaviors, which remain constant
through repeated encounters of the same stimulus: (1) 190 6
75 ms after encountering a plume, flies increase their flight
speed and turn upwind, using visual cues to determine wind
direction. Due to this substantial response delay, flies pass
through the plume shortly after entering it. (2) 450 6 165 ms
after losing the plume, flies initiate a series of vertical and
horizontal casts, using visual cues to maintain a crosswind
heading. (3) After sensing an attractive odor, flies exhibit an
enhanced attraction to small visual features, which increases
their probability of finding the plume’s source.
Conclusions: Due to plume structure and sensory-motor
delays, a fly’s olfactory experience during foraging flights
consists of short bursts of odor stimulation. As a con-
sequence, delays in the onset of crosswind casting and the
increased attraction to visual features are necessary behav-
ioral components for efficiently locating an odor source. Our
results provide a quantitative behavioral background for eluci-
dating the neural basis of plume tracking using genetic and
physiological approaches.
Introduction
Finding food is perhaps the most important task a motile ani-
mal performs on a routine basis, and this has driven the evolu-
tion of efficient search strategies that rely on the integration of
multiple sensory modalities. Many airborne, aquatic, and
terrestrial animals rely on tracking complex distributions of
odor molecules to locate food, making use of visual and
mechanosensory feedback to guide their behavior. Animals
as diverse as sharks [1], crabs [2], moths [3–8], fruit flies [9],
and humans [10] all rely on a similar strategy of maintaining a
course upstream in the presence of an attractive odor and
moving cross-stream in its absence. The subtle differences
in this behavior across species might be due to many external
or internal factors, such as the Reynolds number of the back-
ground fluid flowor constraints on the dynamics of the sensory
and motor systems employed. Because of the complex*Correspondence: floris@caltech.eduinterplay between movement and sensory perception, under-
standing the role of different sensory cues, as well as animals’
behavioral responses to them, requires studying odor locali-
zation in an unrestrained animal. This presents several tech-
nological hurdles because of the difficulty of recording an
animal’s movement while at the same time visualizing the
odor plume to which it responds. Prior experimental solutions
to this problem are typically too time consuming [1, 11] or
spatially imprecise [9] to allow a comprehensive and detailed
analysis involving manipulation of multiple sensory modalities
and collection of large sample sizes. The fruit fly Drosophila
melanogaster is a convenient organism with which to address
these challenges due to its small size and reliable laboratory
behavior, which make it possible to make automated obser-
vations over the course of several hundred body lengths.
Furthermore, understanding how flies integrate olfactory and
visual stimuli during foraging would provide a comprehensive
ethological context for the expanding knowledge of the neural
circuits involved in processing olfaction and vision, as well as
the motor control of flight (e.g., [12–14]).
Fruit flies feed on fermenting fruit, which emits a blend of
odors including alcohols, acids, and CO2 [15]. In their natural
habitat, such odors are carried by wind through fields and
orchards in turbulent plumes, resulting in a complex odor
landscape consisting of clean air interspersed with packets
of high odor concentration. Due to the importance of tur-
bulence relative to diffusion, this intermittent plume structure
can persist for great distances downwind before dispersing
below detectable levels [16–18]. Plumes of this nature present
both an opportunity and a challenge, as odors can be detected
from far away, yet the chaotic spatial distribution means
that there are no smooth concentration gradients or contin-
uous plume segments that the insects could follow to the
source [19].
Over a century ago, Barrows observed that the plume-
tracking behavior of the fruit fly Drosophila ampelophila con-
sists of a simple algorithm consisting of two distinct behaviors:
turning upwind (surging) and zigzagging crosswind (casting)
[20]. Superficially, this behavior is very similar to what has
been observed in moths [3–8], with one key difference. When
subjected to a constant stream of odor, most moths [4, 7,
21] (but not all [22]) begin casting, whereas flies maintain a
constant heading upwind [9, 20]. These observations have
led researchers to propose a model in which moths surge
upwind upon encountering an attractive plume, while at the
same time an internal triggering mechanism causes the moth
to make stereotypic casting maneuvers [4, 7, 21]. An alter-
native model, which may describe flies’ behavior, is that
casting is triggered directly by plume loss rather than an inter-
nal clock. On a qualitative level, such a model is remarkably
similar to what has been found in Drosophila larvae [23],
despite their foraging in significantly different environments
compared to their flying adult counterparts.
In addition to determining whether casting is controlled by
plume loss or an internal process, many other features of
plume tracking in flying Drosophila remain enigmatic [24].
For example, the success in tracking a plumewill likely depend
critically on response dynamics, but we do not have precise
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275measurements for the sensory-motor delays associated with
the initiation of surges and casts for Drosophila. In addition,
studies with mosquitoes [25] and tethered Drosophila [26,
27] suggest that it is likely that dipterans use visual cues to
maintain upwind flight during surges (called visual anemotaxis)
and crosswind flight during casts. However, this critical
component of plume-tracking behavior has not yet been
demonstrated experimentally in a freely moving fly. Another
crucial unknown is the degree towhich flies alter their behavior
in the face of different wind speeds, an environmental condi-
tion that varies extensively in the field. Finally, studies with
moths that feed on nectar-producing flowers show that they
use visual cues in conjunction with odors to locate attractive
flowers [28]. The relative importance of these cues for
Drosophila, however, is unknown, although modeling efforts
suggest that olfaction may influence the saliency of visual
features [29]. To address these questions, we developed an
experimental system that delivers a temporally and spatially
calibrated laminar odor plume from a source that is not visible
from within the wind tunnel. Using an automated multicamera
3D tracking system, we were able to collect over 50,000 trajec-
tories (over 70 hr of flight data) under different visual environ-
ments and wind conditions. These experiments offer a
comprehensive and detailed overview of the algorithm flies
use to localize an odor source and can be described in the
context of a simple model consisting of three independent
sensory-motor reflexes that remain stable over long time
periods.
Results
We measured the 3D trajectories of Drosophila in a laminar
flow wind tunnel (Figures 1A and 1B) as they interacted with
a controlled plume of ethanol (peak concentration of
0.0476%), a compound that is found in rotting fruit and is
strongly attractive to flies [15, 20, 30–32]. Ethanol proved to
be a more convenient choice of odor than alternatives (such
as vinegar) because its volatility made it possible to deliver
clean pulsating signals without long-term contamination of
the delivery system. Furthermore, ethanol is readily detected
by a photoionization detector, which we used to construct a
three dimensional map of the plume (Figures 1C and 1D). To
ensure that our results were not unique to this odor or an arti-
fact of physiological side effects of ethanol, we verified all of
our major findings with Vector 960 (Pest Control Solutions), a
commercially available fruit fly attractant, and we did not find
any qualitative differences (Figure S2). Hungry flies were
released into the wind tunnel 4–6 hr prior to their subjective
dusk. Odor was injected into the wind stream for the 4 hr after
dusk; however, the illumination remained constant throughout
the night. This allowed us to control for other potential sensory
cues by comparing the flies’ behavioral response to the odor
plume and their response to a pseudoplume of clean air. Flies
spent most of their time walking or resting, with only 1.3%,
2.7%, and 1.0% of their time spent flying for the 4 hr prior, dur-
ing, and after odor release, respectively.
Our automated data collection system allowed us to
collect more than 50,000 trajectories (mean length >5 s; see
Table S1 available online for details) of flies entering and
leaving the plume under different visual conditions and wind
speeds. In the presence of both a pulsing and continuous
plume, flies exhibited stereotypic surge and cast behaviors
(Figures 1E–1G). As expected, in the presence of the attractive
odor, flies spent significantly more time within the region ofthe odor plume (Figure 2A), indicating that they were attracted
to the ethanol. To present the results from our large data set
in an informative and quantitative manner, we developed
a graphical format that shows the time history of various
behavioral parameters aligned to the moment when each
fly either entered or exited the plume (Figure 2B). To align
the flies’ behavioral responses, we first empirically determined
the threshold odor concentration that triggered casting
behavior (Figure 2C). Based on these results, we chose an
odor concentration threshold of 3 SD (s) from the plume
maximum, which corresponds to 5 3 1024% ethanol in clean
air, yielding a detectable plume diameter of w5 cm, roughly
ten times the wingspan of a fruit fly. However, none of the
results or conclusions presented in subsequent figures were
sensitive to changes in this threshold choice within a range
of 1 to 4 s.
In the presence of the continuous laminar ethanol plume,
flies spent anywhere between 10 ms and 1 s within the plume
during each encounter, with a median time of 250 ms (Fig-
ure 2D). By comparison, flies spent 210 ms (median value)
within the confines of the identically sized pseudoplume of
clean air. The similarity of these values indicates that flies
possess little capacity to actively remain within the 5 cm
wide odor plume once they encounter it. In the presence of
the pulsing plume (400 ms on, 4 s off), flies spent a median
of 160 ms in the plume. Although subtle, these differences
were statistically significant (maximum p value <1026, Mann-
Whitney U test with Bonferoni Correction [MWUBC]). We did
not find significant differences among the three groups
(continuous, pulsed, and pseudoplume) for the time between
plume encounters within a given trajectory (Figure 2E), which
ranged from 1.1 to 1.4 s (minimum p value >0.37, MWUBC).
In interpreting these results, it should be noted that the data
in Figure 2E for the pulsed plume case primarily reflect the
time between encounters within a single packet of odor as it
flowed through the tunnel, not the delay between contacts
made from one packet to the next. It should further be noted
that the time spent in an odor filament is a function of the
plume structure. However, our results indicate that the ani-
mal’s own motion plays a significant role in determining their
experience.
In designing our system, our initial goal was to collect
data using a pulsed plume with dynamics similar to those
observed in an open field [16]. However, as described above,
we found that due to their flight dynamics, flies experienced
the odor intermittently, even in the presence of a constant
plume, in which case they lost contact with the plume because
their lateral and vertical motion carried them through the
plume quickly. Because flies encountered the plume more
frequently in the continuous plume (and thus we collected
interactions at a higher rate), we focused our efforts on this
paradigm. The large sample sizes we collected allowed us to
take advantage of the variability in the time that flies spent in
the plume, making it possible to examine the free-flight
responses of flies to different lengths of intermittent odor
stimulation. In the following sections, we describe the details
of these behaviors, organized in the ethologically relevant
sequence of events that take place after a fly first encounters
the attractive odor.
Surging Behavior
Upon encountering an attractive odor, flies turn upwind (Fig-
ures 3A and 3B) and increase their ground speed (Figure 3C).
Our spatially calibrated plume made it possible to estimate
Figure 1. Flight Arena and Odor Plume Characterization
(A) Experiments were performed in a 1.53 0.33 0.3 m3 wind tunnel equipped with a camera-based automated 3D tracking system to observe flies as they
interacted with a plume of odor.
(B) Odor delivery system.
(C) Raw (gray) and mean (red) measurements of odor concentration across a horizontal cross-section of the wind tunnel with a constant plume of ethanol
(wind speed = 0.4 m s21). The measurements were collected with a photoionization detector that was automatically translated through the tunnel for 50
cycles over the course of 15 min. The original voltage traces were converted to odor concentration according to procedure in the Experimental Procedures.
(D) Gaussianmodel of the ethanol plume in 0.4m s21 wind, with the 12 original mean odor concentrationmeasurements (see C for an example) used to fit the
model superimposed. In the enlarged view, a white icon of a fly is shown to scale. To verify that the Gaussian model described the odor plume along the
length of the wind tunnel, we calculated the percent error between the model and PID measurements made 11, 23, and 75 cm downstream from the begin-
ning of the working section. The mean of the error between the model and our PID measurements were 1.6%, 1.1%, and 3.0% of the peak concentration,
respectively. See Figure S1 for additional information.
(E–G) Example flight trajectories color-coded for instantaneous odor concentration. Trajectories are shown in top and side views; the reconstructed odor
experience of the fly over the time course of each trajectory is plotted below. The pink line indicates the upwind wall of the wind tunnel working section.
Colored arrows indicate time-synchronized reference points.
(E) Example from pseudoplume of clean air.
(F) Example from pulsed ethanol plume.
(G) Example from continuous ethanol plume.
See also Figure S1.
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approximately 190 6 75 ms (mean 6 SD). During this upwind
surge, flies exhibited a tighter distribution about the upwind
direction than did control flies, which also showed apreference for flying upwind (Figure 3E), as has been reported
previously [9, 33].
To test whether the ability to surge upwind after encoun-
tering an odor involved visual feedback, we repeated the
Figure 2. Characterization of Flies’ Responses to
an Ethanol Plume
(A) Residency heatmap of flight trajectories in
clean air and ethanol in the cross-section of the
wind tunnel. The black ovals indicate isoconcen-
tration lines of 1–4 SD from the peak of the 2D
Gaussian model of the odor plume shown in Fig-
ure 1D. n indicates the number of trajectories for
the two conditions.
(B) Cartoon of two flight trajectories and their
respective mapping onto a plot showing heading
relative to the timewhen they exit the odor plume.
The black trajectory depicts the stereotypical
behavior that we observed for a fly in the pres-
ence of an attractive odor plume; the green
trajectory depicts the stereotypical behavior of
a fly in the absence of any odors. We use these
colors consistently throughout the paper.
(C) To graphically compile many trajectories, we
plot the heading response of flies relative to the
time when they exit the odor plume. These trajec-
tory snippets are overlaid and are shown as a
density map in which the colors are normalized
such that each row contains a maximum and a
minimum (higher color density indicates more
trajectories). In the presence of ethanol, flies
exhibit crosswind casts approximately 0.4–1 s
after leaving the plume. Aligning the trajectories
in this way requires that we define a behavioral
threshold to ethanol. To determine at what
concentration flies begin to show a behavioral
response, we selected trajectories that pass
through four different annular regions of the
plume defined by integral multiples of 1 SD (0–1
s, 1–2 s, 2–3 s, 3–4 s) and set the behavioral
threshold to the minimum of that region. On the
basis of these results, we chose the generous
threshold of 3 s for subsequent analyses. Re-
sponses to a pseudoplume of clean air did not
show any clear changes based on our choice of
threshold within these ranges (data not shown).
(D) Flies spent a widely variable amount of time
inside the plume, with similar distributions for a
constant plume of ethanol and a pseudoplume
of clean air, as well as a pulsed plume. Though
small, these differences were statistically signifi-
cant (maximum p value <1026, MWUBC).
(E) The timing between odor encounters, after the initial encounter, was similar across the three plumes with no statistically significant differences (minimum
p value >0.37, MWUBC).
For (D) and (E), the distributions show themean value of times across plume encounters for each individual trajectory; thus, each trajectory contributed once
to (D) and once to (E). The arrows indicate the median values. See also Figure S2.
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277experiment under three visual conditions: a checkerboard
floor, a floor with stripes parallel to the wind line, and a floor
with stripes perpendicular to the wind line. The visual anemo-
taxismodel of Kennedy [25] posits that a flying insect regulates
its flight heading such that the direction of the visual flow it
experiences is aligned with its direction of motion, thereby
minimizing visual side slip. Under this control scheme, we
would expect the error between flight heading and the upwind
direction to be smaller if the visual stripes run parallel to the
wind direction and larger if the stripes run perpendicular to
the wind direction. These predictions were confirmed by our
experimental results, which show a significantly tighter distri-
bution of upwind heading for flies surging in the presence of
stripes parallel to the wind line (p % 0.001, Fischer’s exact
test) (Figure 3F). Flies also showed a significantly tighter distri-
bution in the presence of faster wind speeds (p% 0.001, Fisch-
er’s exact test) and a reduced accuracy in surging upwind at
slow wind speeds (Figure 3G), results that are also consistent
with visual anemotaxis.Casting Behavior
Our laminar plume provides a constant, nondynamic stimulus,
yet flies often only remained in the plume for 10–250 ms.
Approximately 450 6 165 ms after leaving the plume, flies
began casting crosswind (Figures 4A and 4B). These maneu-
vers were not confined to a horizontal plane, but rather the flies
tended to make casting movement oriented at oblique angles
in the crosswind plane corresponding to645

and6135

from
vertical (Figures 4A and 4C). This suggests that the casts are
tuned to probe for the plume equally in the horizontal and
vertical dimensions. The timing of cast initiation was largely
independent of the time flies spent in the plume prior to leaving
it (Figure 4D), with only a small change in the delay in casting
behavior for flies that spent 10–40 ms in the plume compared
to ones that spent 1–2 s in the plume. This suggests that cast-
ing is triggered reflexively by each plume loss event and is not
strongly influenced by the flies’ prior experience within the
plume. Furthermore, these findings suggest that the under-
lying casting behavior we observed in the presence of the
Figure 3. Within 190 6 75 ms after Encountering the Odor Plume, Flies Turn Upwind using Visual Cues and Simultaneously Increase their Forward Flight
Speed
(A) A trajectory (repeated from Figure 1G) demonstrating the stereotypical upwind turn shortly after the fly enters the plume (color encodes odor concen-
tration, see Figure 1).
(B) Heading (in the horizontal plane) of each trajectory relative to each time the fly enters the odor plume, for the duration of time that it remains inside the
plume. These trajectory snippets are overlaid and are shown as a density map in which the colors are normalized such that each row contains a maximum
and aminimum (higher color density indicatesmore trajectories). The control plot (left) was generated using a psuedoplume of clean air with the same shape
as the actual ethanol plume. Time after the zero mark is plotted on a log scale.
(C) Airspeed of each trajectory relative to each time a fly enters the odor plume, plotted in the same manner as in (B).
(B and C) Visually apparent differences in the clean air and ethanol conditions are statistically significant (see Figure S3; p value 0.001–0.01, Fisher’s
exact test).
(D) The fraction of trajectories flying upwind, crosswind, or downwind relative to plume entry for a psuedoplume of clean air (dashed) and ethanol (solid).
Values were calculated by binning the normalized heading shown in (B) into four 90 sections corresponding to upwind, crosswind (left/right combined), and
downwind (see color bars on the abscissa of B). Light-colored shading indicates bootstrapped 95% confidence intervals. To estimate the delay in surging
behavior, we used least-squares to fit the blue curve with a cumulative distribution function of a Gaussian distribution. See the Supplemental Experimental
Procedures for details.
(E) Normalized histogram of headings, binned across the time range outlined in orange in (B).
(F) Comparison of heading histograms (calculated as in E) for three visual environments is shown in (Fi). The difference between histograms in (Fi) and their
respective clean air control distributions, with enforced symmetry prior to subtraction tominimize artifacts is shown in (Fii). The light-colored shading shows
bootstrapped 95% confidence intervals.
(G) Same as in (F), for different wind speeds, each with a checkerboard floor. The differences in (Fii) and (Gii) are significant (p% 0.001, Fischer’s exact test;
see the Supplemental Experimental Procedures).
See also Figure S3.
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more naturalistic plume structures.
In addition to its role in upwind surges, flies might use
vision to control their heading during crosswind casts. In
this case, however, flies would need to maintain a nonzero
visual slip angle. To test this hypothesis, we again made
use of stripes aligned either parallel or perpendicular to
the wind line. If flies use visual slip to control their cast heading
as they do during surging maneuvers, we would expect to
find a tighter distribution about the crosswind direction if
the lines are perpendicular to the wind, whereas we would
expect a much broader distribution if the lines are parallelto the wind. This hypothesis was confirmed by our
experimental results, which show a significantly (p % 0.001,
Fisher’s exact test) tighter distribution of heading in the
crosswind direction when the lines are perpendicular to
the wind (Figure 4F). Unlike the upwind surges, however,
we did not find a strong effect of wind speed on the flies’
casting accuracy (Figure 4G). The slightly increased
proportion of flies that fly upwind in the slow wind case
can be explained by the reduced odor injection flow that
was necessary to obtain a laminar plume structure under
these conditions (see the Supplemental Experimental
Procedures).
Figure 4. Approximately 4506 165ms after Leaving an Attractive Odor Plume, Flies Begin Casting Crosswind using Visual Cues, Irrespective ofWind Speed
(A) A sample trajectory repeated from Figure 1E that shows the stereotypical crosswind cast soon after the fly leaves the plume (color encodes odor con-
centration; see Figure 1).
(B) Heading (in the horizontal plane) of each trajectory relative to each time the fly leaves the odor plume, for the duration of time that it remains outside of the
plume. The figures were generated from the same trajectory snippets and in the same manner as Figure 3B.
(C) Heading of each trajectory in the crosswind plane perpendicular to thewind direction relative to the time the flies leave the odor plume, plotted in a similar
manner as in (B), is shown in (Ci). A normalized histogram of the headings for (Ci), binned across the time range outlined in purple, is shown in (Cii).
(B and C) Visually apparent differences are statistically significant (see Figure S3; p value 0.001–0.01, Fisher’s exact test).
(D) Fraction of trajectories flying upwind, crosswind, or downwind relative to plume entry for a psuedoplume of clean air (dashed) and ethanol (solid). Values
were calculated by binning the normalized heading shown in (B) in a similar manner to Figure 3D. To estimate the delay in casting behavior, we used least-
squares to fit the pink curve with a cumulative distribution function of a Gaussian distribution. See the Supplemental Experimental Procedures for details.
Results are shown for all the data in (B), as well as three subsamples of the data. For these subsamples, orange-shaded regions indicate the approximate
duration of odor experience.
(E) Normalized histogram of headings, binned across the time range outlined in orange in (B).
(F and G) Comparison of heading during casting behavior for different visual environments and wind speeds, plotted in the same manner as Figures 3F and
3G. The differences in (Fii) are significant (p% 0.001, Fischer’s exact test; see the Supplemental Experimental Procedures), whereas the differences in (Gii)
are only significant for the low wind case.
See also Figure S4.
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Figure 5. Flies Cast with Slip Angles that Range
between 0 and 90, and Slip Angle Is Propor-
tional to Flight Speed
(A) Three example trajectories of flies that
passed through the ethanol plume prior to
entering the volume over which we were able to
track their body orientation with an auxiliary
camera. Shown is a photomontage of sequential
camera images (recorded at 100 fps, displayed at
25 fps), overlaid with our body angle estimates
(red triangle; point indicates head). The body
orientation estimates were smoothed with a for-
ward/reverse noncausal Kalman filter and are
shown as black triangles overlaid on the com-
plete trajectories, which are color coded as in
Figure 1.
(B) From all the segments for which we were
able to collect body orientation data, we
selected those that occurred 1–10 s after the
fly encountered the odor plume (and is thus
likely to be casting) and used these segments
in plots (Bi)–(Biii). (Bi) shows a histogram of
flight heading, similar to Figure 4E. The differ-
ence in the histograms shown here and in Fig-
ure 4E are expected because the auxiliary
body orientation camera was centered and
could only capture a small portion of the wind
tunnel’s width. (Bii) shows the distribution of
heading versus body orientation. Each column
of pixels is normalized such that it has a
maximum and a minimum. (Biii) shows the
ground speed versus slip angle for the portion
of data in (Bii) that corresponded to a heading
within 6 20 of crosswind (shown as a pink
back drop in Bi).
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crosswind flight heading independent of wind speed would
be for it to orient its body into the wind by visual anemotaxis
and control its flight force vector so as to generate pure
(690

) visual side slip, thereby maintaining a body orientation
pointed directly upwind. To test whether flies use this
approach, we installed an 11th camera directly above the
wind tunnel looking straight down with a sufficiently narrow
field of view to resolve the flies’ body orientation for a small
subsection of the wind tunnel. We found that rather than main-
taining a constant body orientation into the wind, flies instead
cast with a broad distribution of body orientations (Figures 5A
and 5B). To explain the variability in this behavior, we exam-
ined the correlation between their flight speed and slip angle
(where the slip angle is defined as the difference between their
direction of travel and their body orientation). We found a
strong correlation such that flies with high airspeeds align their
bodies with their flight direction during casts, whereas flieswith low airspeeds tend to fly sideways
(Figure 5B). At intermediate speeds,
flies employ an intermediate slip angle
between 0

and 90

. The fact that flies
can fly crosswind by maintaining
different slip angles suggests that the
underlying visual processing circuitry
is sophisticated enough that flies can
stabilize flight with an arbitrary optic
flow axis with respect to the body and
head. Although flies can yaw their head
relative to their body, this range islimited compared to the range of slip angles they exhibit during
casts.
Odor-Induced Visual Saliency
In a natural setting, tracking a chaotic and sparse odor plume
is not only challenging, but it also may never lead flies to the
actual source of the plume, although it will likely get them
close. Therefore, flies presumably possess specific behaviors
that help them during the final stages of odor localization to
pinpoint the source. In our experiments with a checkerboard
pattern on the arena floor, we observed that flies often flew
toward the bottomof the arena soon after leaving the attractive
odor plume, and spent a disproportionate amount of time near
the floor compared to the clean air control (Figure 6A). We
hypothesized that this behavior was evidence of attraction to
high-contrast visual features after the detection of an attrac-
tive odor. To test the hypothesis, we projected a small high-
contrast circle on an otherwise low-contrast checkerboard
Figure 6. Odor Increases Visual Saliency of High-Contrast Objects
(A) Altitude response of flies relative to the time they exit the odor plume for a high-contrast visual environment.
(B) Similar data as in (A), but for a low-contrast visual environment with three small spots.
(A and B) The light-red overlay in the ethanol case indicates the extent of the odor plume. Visually apparent differences are statistically significant (see Fig-
ure S3; p value 0.001–0.01, Fisher’s exact test).’’
(C) Example trajectory of a fly that approaches all three of the high-contrast features after encountering the odor plume.
(D) Residency heatmaps of fly trajectories in clean air and in the presence of an ethanol plume. For both of these heatmaps, we include only frames in which
the flies were below the midline of the wind tunnel and only for trajectories that started downwind of the visual features.
(E) Time course of object attraction is independent of time spent in plume. Light-colored shading indicates bootstrapped 95% confidence intervals.
See also Figure S5.
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of the tunnel. Under these conditions, flies did not exhibit a
strong preference for exploring the entire floor of the arena,
presumably because the contrast of the checkerboard pattern
had been reduced (Figure 6B). However, a close examinationof the trajectories revealed that flies approached and hovered
in the vicinity of the three small visual features after encoun-
tering the odor plume (Figure 6C). These explorations of the
visual features are obvious in heatmaps of residency time in
the tunnel when compared to the clean air case (Figure 6D).
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with a downward cast in order to search for salient visual
objects. This does not appear to be the case, however, as
indicated in Figure 6A, which shows that when flies leave the
plume they are just as likely to cast upward as downward.
Another tempting hypothesis is that the saliency to visual ob-
jects might depend on the amount of odor experience, but we
found no correlation between time spent in the plume and frac-
tion of trajectories that moved downward after leaving the
plume (as opposed to moving upward) (Figure 6E). The accu-
mulation of trajectories near the floor of the arena in the pres-
ence of a checkerboard floor raises the question of whether
the aspects of casting behavior presented in Figure 4 might
be confounded by this behavioral effect. Our results, however,
show that this is not the case (Figure S5). Instead, casting and
the exploration of high-contrast features appear to be distinct
behaviors that are simultaneously triggered by plume loss.
Discussion
Although we set out to study plume-tracking responses of flies
to a pulsed plume, we noted that their sensory experience in
the presence of a constant plume resembled that of a pulsatile
stimulus. By collecting a very large data set, we were able to
examine the free-flight responses of flies to varying lengths
of intermittent odor stimulation. On average, flies spent a
similar amount of time inside the bounds of the continuous
laminar plume and a psuedoplume of clean air (0.25 and
0.21 s, respectively), indicating that flies have limited capacity
to staywithin a plume and that their flight dynamics play a large
role in the time history of their perceived olfactory experience.
These results are surprising, considering that previous studies
with tethered flies have shown that they have the sensory
capacity to detect differences in odor concentration across
their antenna and thus should be able to track an odor gradient
in flight (osmotropotaxis) [13, 34, 35]. Although the circular
laminar plumewe created should present a best-case scenario
for the use of osmotropotaxis during flight, we did not find any
evidence that flies employ this strategy. This is not surprising,
considering that in a natural setting, concentration of odor is an
unreliable guide to the direction of the source except when the
source is decimeters away [19]. However, flies might use os-
motropotaxis to decide in which direction they should make
their cast after leaving the plume. For example, a fly might be
able to detect whether it exited the plume going left, right,
up, or down and thus initiate casting in the opposite direction
(toward the plume). For flies leaving the plume with both small
heading angles (10

–20

) and large heading angles (45

–135

)
relative to upwind,wedid find that flieswere slightlymore likely
to turn in the direction of the plume after leaving it (56% and
69%, respectively; see Figures S6A and S6B). However, this
preference was not significantly different from the response
of control flies in a pseudoplume of clean air (p > 0.4, Fischer’s
exact test), suggesting that their decision is more likely to be
based on visual cues from the walls of the wind tunnel than
the influence of the olfactory gradient. This is not surprising,
considering that 93% of flies’ turning direction in the absence
of odors is mediated by visual signals, even close to the center
of a flight arena 2 m in diameter [36].
Casting, Surging, and Odor-Induced Object Salience
Constitutes a Stigmergic Iteration
After encountering an attractive odor plume, flies initiated a
surge within 190 6 75 ms. This delay is generally consistentwith previously reported values for flies [9] and other insects
[8, 37]. Presumably, the delay results from a limitation of the
entire sensory-motor pathway (from olfactory transduction to
the generation of aerodynamic forces) rather than a tuned
process. It is noteworthy that the sensory-motor delay for
the casting behavior (triggered by plume loss) is much longer
(w450 ms), a difference that may have important functional
consequences. As shown in Figure 2D, on average flies re-
mained in the plume for only 250 ms during each encounter,
despite the fact that our large cylindrical plume should provide
a relatively wide target compared to the narrow filaments
expected in a natural turbulent plume. The duration during
which flies remain in natural plume filaments is likely much
shorter, so short that the animals would experience plume
contact and plume loss at almost the same instant. This would
create a problem if the sensory-motor delays for surging and
casting were identical, because it would mean that flies would
initiate a cast almost immediately after starting a surge, there-
fore making little progress upwind along the plume. A longer
delay to initiate a cast guarantees some upwind progress for
each plume encounter. This is indeed what we observed; the
measured delay ofw450ms is over twice the delay associated
with the surge and is longer than the minimum required for
sensory-motor processing. This additional delay functions
basically as a low-pass filter, smoothing the behavioral re-
sponses to the high-frequency dynamics of natural odor
plume filaments.
To quantitatively assess the importance of the casting delay,
we constructed a simple computer simulation to test the influ-
ence of several behavioral parameters on odor localization
performance (Figure 7). We simulated two different conditions:
(1) a visual feature emitting a constant cylindrical plume 6 cm in
diameter and (2) a visual feature randomly emitting 6 cm diam-
eter odor packets (mean: eight per second), which advected in
a 0.4 m s21 wind that randomly shifted direction (according to
a uniform distribution between 2100

and 100

per second).
See the Supplemental Experimental Procedures for more
details. A virtual fly was released 1 m downwind of the source
and programmed to follow a simple algorithm consisting of the
three independent behavioral modules we observed in our
experiments: (1) surging upwind upon encountering an attrac-
tive odor with a delay of 190 ms, (2) casting crosswind 450 ms
after losing the plume, and (3) approaching the visual feature
after coming within 20 cm of it. We found that these three
behaviors are sufficient, and that each of them are necessary,
to guide the fly to an odor source under both constant and
pulsatile conditions. Furthermore, artificial reduction of the
delay before flies initiated a cast significantly increased the
time required to locate the food source (Figure 7). In the case
of the pulsing plume, the delay in casting behavior is necessary
even with zero delay in surge initiation.
Following Grasse´, we use the term stigmergy to describe
how a complex behavior, such as the trajectories we
observed, can emerge from an iterative sequence of simple
sensory-motor reflexes without the need for a plan or memory
[38]. The delay between plume loss and casting initiation is
largely independent of the amount of time the flies spent inside
the plume, suggesting that casting behavior is most likely initi-
ated in response to plume loss, rather than some internal
mechanism. These observations are consistent with the previ-
ously published result that in the presence of a homogeneous
plume, flies continue to surge upwind, never initiating casting
behavior [9]. Furthermore, flies that experienced odor for only
10–40 ms demonstrated both the stereotypical surge and cast
AB
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G
Figure 7. Extended Delays in Casting Initiation and Odor-Induced Object
Saliency Are Necessary for Efficient Plume Tracking in Both Constant and
Pulsatile Plumes
(A) A simple numerical simulation showing a virtual fly interactingwith a 6 cm
diameter cylindrical odor plume according to the algorithm we observe in
real flies, including surging with 190 ms latency, casting with 450 ms latency
in both horizontal and vertical directions (switching directions was arbitrarily
programmed to occur every 500 ms in the horizontal direction and
309.0169 ms in the vertical direction), and approaching the visual feature
(a behavior that we arbitrarily trigger when the fly came within 20 cm of
the object).
(B) Same as (A), except the latency for surging and casting were both set to
190 ms.
(C) Same as (A), except the latency for surging and casting were both set to
0 ms.
(D) Same as (A), except without the attraction to visual features.
(E) Distribution of odor source localization times for the four different algo-
rithms described above (A–D; black, blue, green, and purple, respectively),
each run 1,000 times. Simulations were truncated at 30 s.
(F) Same as (E), except that the virtual flies interacted with a randomly pul-
sating plume (6 cm diameter spherical odor packets released on average
eight per second) in constantly shifting winds instead of a constant cylindri-
cal plume (see the Supplemental Experimental Procedures formore details).
(G) Final frame from one iteration of the pulsatile plume simulation used for
(F). In this iteration, the fly implemented the same strategy as in (D). Note
that due to the constantly shifting wind, the trajectory shown does not
necessarily align in time and space with the odor packets shown.
See also Figure S6.
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surge (Figure 4D), suggesting that these behaviors are
controlled through independent pathways. Together, these
results provide convincing evidence for a stigmergic model.
This simple model is distinct from what has been proposed
to explain pheromone tracking of moths, which, instead of
a continuous surge, will initiate a sequence of castingmaneuvers in the presence of a homogenous plume. To
explain this behavior, Kennedy and Marsh proposed that
casting is controlled by an internal clock, which is temporarily
suppressed at the onset of odor [4, 7, 21]. Recent evidence,
however, suggests that moths’ casting dynamics are not
simply a function of an internal clock, but rather that plume
dynamics influence the amplitude of their casts [39]. An alter-
native to the internal clockmechanism is thatmoths exhibit the
same simpler stigmergic iteration that we propose for flies and
that their casting maneuvers in homogenous plumes are
explained by a perceptual loss of the plume due to sensory
adaptation, a phenomenon that is consistent with some exper-
imental studies [40]. Determination of whether moths might
use the same mechanism that we propose for flies will require
very careful behavioral assays in which the olfactory experi-
ence is known for entire flight sequences. This may prove
more difficult in moths, because their large flapping wings
have a significant effect on plume structure [41–43].
Casting in moths is typically characterized by lateral cross-
wind zigzags that grow wider over time [3–5]. However, we
did not find any evidence for increasing width of casting
maneuvers in our experiments with flies (see Figure S6C).
Casting reversals appeared to be triggered with a period of
approximately 0.5–1 s (Figures S6A and S6B), resulting in
amplitudes of approximately 25 cm (Figure S6C). This is likely
to be a result of the geometry of our wind tunnel (0.3 3 0.3 m2
cross-section); however, casts in an open environment are
typically no more than w25 cm in amplitude (observations of
freely flying flies in the laboratory; F.v.B., unpublished data).
To minimize the influence of tunnel geometry, we chose a
visual stimulus for the walls—a single horizon line—to mini-
mize collision avoidance behaviors [44] while still providing a
visual reference for altitude control [45]. However, additional
studies in a less constrained environment are necessary to
determine precisely how flies control the timing between
cast reversals, which is likely mediated by an internal mecha-
nism. Because castingmaneuvers are generated by pure side-
slip maneuvers at slow-to-moderate speeds (Figure 5), this
behavior will most likely be difficult to study in tethered prep-
arations that are based on the detection of yaw torque or its
kinematic equivalent [46–48]. Previous studies of plume
tracking have restricted their analysis to the horizontal plane,
with a few noteworthy exceptions [39, 49, 50]. Our results,
however, indicate that the often overlooked vertical compo-
nent of casting behavior in flies is of the same magnitude as
the horizontal component. This is not surprising, considering
the 3D nature of odor plumes.
In our experiments with the continuous odor plume, odor
was injected into the wind tunnel continuously for a period of
4 hr. It is conceivable that the flies’ behavior could change
during this time due to their circadian rhythm, learning, or
exhaustion. However, when we compared the surge, cast,
and visual attraction behaviors during the first and last
30 min sections of each 4 hr trial, we did not find any substan-
tial behavioral differences (Figure S4). These findings provide
additional support for the simple stigmergic model.
How Does a Fly Cast Crosswind?
For a fly to fly crosswind, it must have knowledge of the direc-
tion that thewind is coming from relative to its current direction
of travel. A flying fly, however, has no known sensory mecha-
nism for determining the component of the airspeed velocity it
perceives that is due to the ambient wind. To do so would
require a measurement of absolute ground speed. A recent
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absolute ground speed if they accelerated (or rotated) by a
known amount while simultaneously measuring the change
in perceived wind speed and direction [51]; however, there is
no evidence that they are capable of this computation. A
simpler solution that is consistent with our results is for the
animal to begin by flying upwind by visual anemotaxis and
then keep track of the angle by which it rotates its body while
turning, either by storing the control signal used to generate
the open loop maneuver, or through reafferant signals from
the halteres [52, 53] or antenna [54]. Knowledge of the turn
angle (f) would allow a fly to remember the angle of the upwind
direction relative to its body (2f), and thus calculate at what
angle it should experience visual flow to maintain a cross
wind flight heading (90

2f). Once it has turned the desired
amount, it could use visual feedback tomaintain the crosswind
heading, making it robust to changes in wind speed. Although
we do not have the data to test this hypothesis directly, evi-
dence in experiments with moths where the wind flow was
stopped shortly after they began casting showed that moths
will continue to cast in what was previously the crosswind di-
rection during lulls in the wind [6].
The Role of Odor-Induced Visual Saliency
Flies showed a greatly increased attraction to high-contrast
features on the ground in the presence of an attractive plume,
even though the objects were separated from the plume by
more than 10 cm. This behavior could allow a fly to locate the
source of a patchy plume more quickly than if it relied solely
on surges and casts, a hypothesis supported by our simula-
tions (Figure 7). A previous study reported that Drosophila
exhibit a reduced attraction to a visual object (a post) in the
presence of wind (but no odor) compared to still air [9]. This
result is interesting in light of the odor-induced visual saliency
that we observed. At wind speeds that are below a detectable
level, flies would not be able to rely on visual anemotaxis. Un-
der such conditions, the surge-and-cast algorithm may not be
efficient. Instead, it may be more beneficial for an insect to
explore visual features in the hopes of encountering a food
source. In the presence of wind, however, a more efficient
strategy may be to focus on intercepting an attractive odor
plume, a behavior best served by ignoring visual features until
the presence of an attractive odor is identified. Although theo-
retical studies have been done to determine optimal search
strategies for initial plume interception [55], behavioral evi-
dence supporting them is lacking. We suspect that in cases
in which a fly detects odors in the vicinity of the visual object,
the visual cues initiate the cascade of behaviors that ultimately
lead to a successful landing [56] on the food source.
Experimental Procedures
Animals
For each experiment we used 12 female flies, Drosophila melanogaster
Meigen (Heisenberg/Canton-S background), that were deprived of food,
but not water, for 6–8 hr prior to the start of experiments in order to motivate
flight. Experiments with wild-type flies with a different genetic background
(‘‘Phinney Ridge,’’ descended from flies collected in Seattle, WA) show
similar behavior.
Flight Arena
We performed all experiments in a 1.5 3 0.3 3 0.3 m working section of a
wind tunnel (Figure 1A) set to 0.4 m s21, except where noted otherwise.
On the two long walls and floor of the arena, we projected different visual
stimuli using a high-speed projector. We tracked the 3D position of individ-
ual flies within the chamber using a camera-based real-time trackingsystem, which is described in detail elsewhere [57]. The tracking software
was unable to maintain the identity of individual flies; thus, each trajectory
was treated as an independent sample.
Odor Delivery
Odors were delivered via a custom solenoid controlled valve system (Fig-
ure 1B) placed outside of thewind tunnel at the intake prior to the constriction
point. The plume quickly diverged prior to the constriction, but its cross-sec-
tion remained relativelyconstant throughout theworkingsectionof the tunnel.
Odor Plume Calibration
To determine the 3D odor landscape, we scanned the wind tunnel with a
miniature photoionization detector (PID) attached to a motorized frame in
the presence of the ethanol plume. Using the PID signals and 3D measure-
ments from the tracking system,we constructed a 2DGaussianmodel of our
data using a least-squares fit (Figures 1C and 1D) of PID scans made at 12
different altitudes. We repeated this procedure for three positions in the
wind tunnel: 11, 23, and 75 cm downwind from the start of the working sec-
tion (see Figure S1). Themodel based onmeasurements at 23 cmprovided a
good approximation of the data at all three locations, yieldingmean errors of
1.1%, 1.6%, and 3% of the peak concentration for the three positions,
respectively (Figure 1D). Based on these results, we concluded that the
plume was well modeled by a cylindrical shape with a Gaussian cross-sec-
tion. To compare flies’ odor plume-tracking behavior under different wind
speed conditions, we repeated the entire calibration process for three
wind speeds (0.3, 0.4, and 0.6 m s21). In order to calibrate the photoioniza-
tion detector to provide ameasure of the actual odor concentration, we took
a first-principles approach (see the Supplemental Experimental Proce-
dures). According to our calculations, our ethanol plume had a peak concen-
tration of 0.0476%moles of ethanol in clean air. We used a similar approach
to calibrate the pulsing plume. For this procedure, we collected data from
our PID synchronized with the odor delivery control signals at 61 points
within the wind tunnel and built a 3D time-varying Gaussian model.
Statistics
To determine which aspects of flies’ behavior were due to the presence of
an attractive odor, we compared their behavior in the presence of an attrac-
tive odor plume to their behavior in the presence of a pseudoplume of clean
air. We found several elucidating behavioral parameters that showed clear
differences between the two treatments, including flight heading in the hor-
izontal and vertical planes, airspeed, and altitude. Rather than reducing the
data to a single descriptive statistic, we developed a nonparametric resam-
pling method (Fischer’s exact test) whereby we could assign a p value to
each individual pixel of the density maps shown in Figures 3, 4, and 6 (Fig-
ure S3). See the Supplemental Experimental Procedures for more details. All
of the clear behavioral differences we present in this paper are significant, in
the statistical sense, with p values of 0.001–0.01 across the relevant time
and parameter space (Figure S3). Many of the analyses presented in this
paper rely on the distributions of behaviors observed in large numbers of
trajectories to draw conclusions on flies’ stereotypical behavior. In order
to provide a sense of variability in our data due to random sampling pro-
cesses, we used a basic nonparametric bootstrapping method to calculate
95% confidence intervals for these distributions [58].
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six figures, and one table and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.12.023.
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